The far-infrared laser magnetic resonance spectrum (FIR LMR) of the ν 5 bending vibrational transition of DCCN in its X 3 − state is reported. The DCCN radical was produced inside the spectrometer cavity by the reaction of deuterated acetonitrile with F atoms. DCCN resonances were measured on seven laser lines. Nitrogen hyperfine structure was observed on a number of the resonances. The analysis provides improved accuracy for the separation ν 5 = 1 ← 0 and some of the 14 N hyperfine coupling constants for this isotopomer.
Introduction
Since the first observation of the ESR spectrum of HCCN in 1964 [1] , the radicals HCCN and DCCN have attracted considerable attention both experimentally and theoretically. The stimulus for this interest has been primarily to answer the question whether these radicals are linear or bent, and much labor has focused on the characterization of the HCC bending potential.
Early matrix isolation EPR [1] [2] [3] [4] , infrared [5] , and microwave spectra [6] of HCCN provided evidence to suggest the radical was linear in a triplet electronic state. The microwave spectrum reported by Saito et al. [6] showed an apparent absence of K-type satellite transitions, and their observed transition frequencies closely fit a simple linear molecule Hamiltonian including the effects of electron and nuclear spin.
The linear configuration for HCCN suggested by the early experimental studies was not supported by later ab initio calculations [7] [8] [9] [10] . Kim et al. [7] predicted that a bent structure for HCCN was about 2 kcal mol −1 more stable than the linear configuration. They argued that the barrier between bent and linear configurations was so small that thermal motions yielded a linear vibrationally averaged structure, which they described as "quasi-linear." Subsequent calculations (8)- (10) showed greater stability of the bent structure of HCCN, but the barrier to linearity has decreased with higher levels of theory and larger basis sets. In the most elaborate calculation done in 1992, Seidl and Schaefer [10] estimated the HCC angle of the minimum energy configuration to be 142.3 • and the barrier to linearity as 0.79 kcal mol −1 (277 cm −1 ).
In 1990, Brown et al. [11] , from measurements of the microwave spectrum of isotopically substituted HCCN, reported the r s structure as, r (C−H ) = 0.998, r (C−C) = 1.323, and r (C−N) = 1.195 Å. They concluded that the abnormally short C-H bond length could be explained as an average over the large amplitude of the HCC bending expected for a quasi-linear molecule.
It thus appears from both theoretical and experimental results that HCCN and its isotopomers are quasi-linear. In referring to the various vibrational modes of DCCN, it is convenient to designate these modes as though the molecule were linear; thus ν 1 for CD stretching, ν 2 for CCN (roughly) out of phase stretching, ν 3 for CCN (roughly) in phase stretching, ν 4 for CCN bending and finally ν 5 for CCD bending. To determine the HCC (DCC) bending angle and understand its bending potential, energy levels associated with the HCC (DCC) bending must be obtained and a number of spectroscopic investigations [12] [13] [14] [15] [16] have focused on transitions involving the ν 5 bending mode. A high-resolution study of the ν 1 CH stretching fundamental by Morter et al. [12] estimated the vibrational energy of ν 5 for HCCN at 187 ± 20 cm −1 by comparing the relative intensities of ν 1 and ν 1 + ν 5 − ν 5 transitions. McCarthy et al. [14] re-examined the microwave spectra of HCCN and DCCN and found several vibrational satellites involving ν 4 and ν 5 . For HCCN, McCarthy et al. [14] observed the ground state, ν 5 , 2ν 5 ±2 , 3ν 5 ±3 , ν 4 , and three l = 0 states. Three l = 0 states are expected, one corresponding to 2ν 5 0 , and a pair corresponding to the two ways that a (ν 4 + ν 5 ) 0 state can be created. However, it is not known which, if any, of the three states corresponds to 2ν 5 0 . For DCCN, McCarthy et al. [14] observed the ground state, ν 5 , 2ν 5 ±2 , 3ν 5 ±3 , ν 4 but only one l = 0 state. In recent studies of the ν 1 + ν 5 combination and hot bands, the energy of the lowest excited state with angular momentum about the A-axis, ν 5 , was determined to be 128.907 cm −1 for HCCN [15] and 74.845 cm −1 for DCCN [16] , both somewhat less than the energies predicted by McCarthy et al. [14] , namely, 145 ± 15 cm −1 and 90 ± 15 cm −1 for HCCN and DCCN, respectively.
In this paper we report the far-infrared laser magnetic resonance observation of the ν 5 bending vibrational transition of DCCN in its X 3 − state. These measurements were made on the far-infrared laser magnetic resonance (FIR LMR) instrument at the National Institute of Standards and Technology, Time and Frequency Division 847, Boulder, CO. The ground and ν 5 states were effectively treated in isolation. In order to obtain the best parameters, the data set, which was used, contained the microwave measurements of Brown et al. [11] and of McCarthy et al. [14] as well as the LMR results of this work. Nitrogen hyperfine structure was observed on a number of LMR lines; splitting due to ( 2 H) deuterium hyperfine structure was not observed. The LMR data taken in this work improve the accuracy of the separation ν 5 = 1 ← 0, and provides hyperfine coupling constants for this isotopomer. 
Experimental
DCCN was produced by fluorine atom extraction of deuterium from deuterated acetonitrile (CD 3 CN, 99.8% purity from Cambridge Isotopes Laboratory). This method has proven effective in previous studies [17] and has been used recently for the production of HCCN from CH 3 CN 2 for an LMR study of the radical HCCN. A microwave discharge produced fluorine atoms in a flowing mixture of 10% F 2 in He. The deuterated acetonitrile was added downstream directly in the laser cavity where a deep purple flame was observed indicating optimization of the production of DCCN by the removal of two D atoms The far-infrared laser magnetic resonance spectrometer used is very similar to that described in detail by Saykally et al. [18] . The sensitivity and short-wavelength performance of this spectrometer were recently improved by two modifications to the apparatus [19] . The Zeeman modulation frequency was increased from 13 to 40 kHz with subsequent increase in the sensitivity. A reduction in the diameter (from 50.4 to 19 mm) of the tube comprising the pump region, giving greater overlap of the FIR radiation field at short wavelengths with the pumped lasing gas, provided an increase of the power of FIR laser lines with wavelengths less than 100 µm.
Resonance signals, detected with a germanium (Ge) bolometer cooled to 1.5 K, were processed by a lock-in amplifier at 1f , and recorded with a xy plotter as a function of flux density. Since 1f detection using magnetic modulation was employed, the first derivative of the absorption peak was observed.
The magnet was calibrated with a NMR gaussmeter. The overall experimental uncertainty is estimated to be ((±1 ×10 −4 ) × B (T)) above 0.1 T and ±1 ×10 −5 below 0.1 T, where B is the magnetic flux density. The laser frequency as used in the experiment is accurate to (2 1/2 × (2 × 10 −7 ) × ν laser ).
Results
Survey and measurement spectra were taken with the electric field of the laser in both parallel (Eω || B 0 ) and perpendicular (Eω⊥B 0 ) polarization to the magnetic field. A sample survey spectrum is shown in Fig. 1 . This figure presents a 200 mT portion (center at 1 T) of the DCCN spectrum observed on the 2 188.9290 GHz (136.959 µm ) laser line taken in parallel polarization ( M J = 0). For the most part, the DCCN lines were quite weak. Measurement scans were typically ≤20 mT in width, as shown in Fig. 2 , where the perpendicular line at 1773.21 mT is shown. The upper trace (A) was taken using a sensitivity of 1.0 mV and a modulation of 0.5 of maximum, while trace B shows Lamb-dips due to the 14 N hyperfine splitting and was taken with sensitivity of 200 µV sensitivity and a modulation of 0.1 of maximum. The resonances were measured by tuning the magnet to the center of the line and waiting several time constants for the magnetic field to stabilize. 
Fifteen lines showed hyperfine splitting arising from the nuclear spin of the 14 N (I = 1) nuclei. The hyperfine structure was resolved by significantly reducing the pressure and modulation amplitude in order to resolve the Lamb-dips. A sample showing the expected triplet hyperfine structure is given in Fig. 3 (trace B), which shows the parallel resonance at 1123.65 mT, taken with the 2252.0542 GHz (133.120 µm) laser line of CH 3 OH pumped by the 9P(24) line of CO 2 . Trace C in this figure shows clearly the Lamb dips in the hyperfine structure for 14 N (I N = 1). The spectrum appears somewhat more complicated than expected for the 3M F components of 14 N hyperfine splitting but not sufficiently resolved to be convincing evidence of deuterium splitting.
We were able to identify two resonances which occurred over three laser lines 2207.0583 GHz Table 3 . An example of the region is shown in Fig. 6 . Table 1 provides details on the seven laser lines used to record the LMR spectra reported in this paper. This table also provides a summary of the DCCN transitions observed on each line.
In all, 157 transitions were observed which belong to the ν 5 = 1 ← 0 transition. Of these, 15 were found to have large uncertainties, either because of overlapping resonances, extremely weak character, or exceedingly poor line shape, and were not used in the fit. As mentioned previously, examples of the problem of broad and/or underlying resonances are shown in Fig. 6 . Fifteen resonances showed well-developed N hyperfine structure. 
Analysis
Since the ν 5 = 1 ← 0 vibrational transition of a linear molecule is analogous to a K a = 1 ← 0 rotational transition of a bent molecule and since we had computer code available for an asymmetric rotor model, it was decided to use this program to analyze the spectra. By truncating the basis set to a single value of K a , the asymmetric rotor treatment can be made equivalent to treating the transition as one involving two vibrational states. The parameters determined using the asymmetric rotor model are readily converted to those parameters appropriate to a linear molecule in its ν 5 = 0 and 1 levels as shown in Table 2 . Although numerous modifications to the code have occurred over the years, the basic computer program is described by Sears [21, 22] .
The asymmetric rotor Hamiltonian used in the analysis may be expressed as the sum of several terms [17, 22] 
©2001 NRC Canada where A, B, and C are the rotational constants and N is the rotational angular momentum operator in units of h/2π. Centrifugal distortion is taken into account by the term H cd . Although this molecule is sufficiently near a prolate symmetric rotor that the "S" reduced form of the Hamiltonian is more appropriate, the "A" reduced form is equivalent here because of the truncation in the calculation and the levels under consideration (no K = 2). Therefore, the "A" reduced form [23] is used and is given to sextic terms by
Fine structure interactions are included by the terms H ss and H sr . The spin-spin dipolar Hamiltonian accounts for the interaction between the two unpaired electrons and is given by [24] 
where D = 3α and E = β. H sscd accounts for the centrifugal distortion correction of the spin-spin interaction and is given by
where Dα N and Dα K represent the rotational dependence and the K dependence of the centrifugal distortion for the spin-spin coupling, respectively. The spin-rotation interaction Hamiltonian is given by
and the centrifugal distortion effects on H sr to quartic terms by
H SI represents the hyperfine magnetic interaction between the unpaired electron spins and the net nuclear spin and may be written in Cartesian representation [22] as
where the first term represents the isotropic Fermi contact interaction and the second term represents the spin-spin dipole-dipole interaction energy. In this case, we write
where (aa) I + (bb) I + (cc) I = 0. Table 4 . Millimetre wave data {MHz} for the ν 5 = 0 and 1 used in the fit of the present work. The Hamiltonian H Q accounts for the electric quadrupole interaction of the 14 N nucleus and is given in Cartesian form as
In this case,
and
H Z takes account of the interaction of the radical with the external magnetic field and is given by
where B is the applied field, µ B is the Bohr magneton and µ N is the nuclear magneton. The first term accounts for the isotropic and anisotropic interactions of the electron spin with the field, while the second term accounts for the rotational Zeeman effect and the last term accounts for the nuclear spin Zeeman term. The isotropic part of the diamagnetic susceptibility does not affect the transition frequency and the effect of the anisotropic part is too small to be determined at these fields. The effective Hamiltonian was used to analyze the data presented in Tables 3 and 4 . Of the many parameters listed above only those needed for the zero field linear molecule Hamiltonian used by McCarthy et al. [14, 28] plus the band origin, and the Zeeman and hyperfine structure parameters were used in fitting. Thus, A, B of the resonances with hyperfine structure was not appreciably improved by including any of these three constants. Therefore, they were fixed at the values found for HCCN. 3 Table 3 provides details on the laser line used to observe the resonance, the field of the resonance, the assignment of the line, the observed -calculated values for the frequency and field, the predicted tuning rate, the predicted intensity, and the uncertainty assigned to the observed field.
A comment is needed here about the assignment of the lines. As can be seen from Fig. 5 , the Zeeman shifts are larger than the rotational spacing for low N and there are numerous avoided crossings. Often neither N nor J is even approximately a good quantum number. The analysis program recognizes that J may not be a good quantum number but assumes that N is good since most cases previously treated were of very light molecules with large rotational constants. Fortunately, when hyperfine structure was not present, no problems were encountered in assigning N and J values that the computer program could use to find the correct eigenvalues. However, this was not generally true when hyperfine structure was resolved. In this case, the identification of the correct eigenvalue presented a challenge. We fear that the N and J or level number quantum numbers listed are valid only in the context of this particular computer program and should not be given too great a physical significance. Indeed, the only rigorous way of assigning quantum numbers here is to order the eigenvalues for a particular M F value in order of increasing energy and to identify a level by M F and eigenvalue number. As an infinite matrix is being truncated, this would be quite tedious for high N .
In addition to the observed LMR resonances, millimeter wave data for ν 5 = 0 from Brown et al. [11] and ν 5 = 0 and 1 from McCarthy et al. [14, 28] were used in the fit and are presented in Table 4 . Table 4 provides details of the microwave frequency, the assignment, and the observed-calculated values for Brown et al. [11] and McCarthy et al.'s [28] fits and the fit in this work.
The microwave transitions of Brown et al. [11] and McCarthy et al. [14, 28] were given an uncertainty of 100 kHz in the fitting. Most of the LMR transitions were given an uncertainty of 2 MHz. As the tuning rates varied from 6 to slightly over 50 MHz/mT, the uncertainty assigned to the observed field varied from about 0.3 to 0.04 mT. The weighting scheme is rationalized to some extent by the idea that the widths of the resonances in field are inversely proportional to tuning rate. However, almost all of the lines contain unresolved hyperfine structure, which may make the line width more or less independent of tuning rate. A number of the LMR resonances were given larger uncertainties where the line shape appeared distorted. The uncertainties are included in Table 3 . Table 5 presents the molecular parameters determined in the least squares fit to the observed microwave and LMR data for DCCN in the ν = 5 level of the X 3 − state.
Discussion
In Table 6 , the 14 N hyperfine coupling constants of DCCN are compared with the 14 N constants of HCCN from Allen et al. 4 Table 6 also compares the g aa s and 1/2(g bb r + g cc r ) values from this work with those from Allen et al. Generally, these constants are much better determined for HCCN. This is probably partly the result of many more lines where the hyperfine structure is completely resolved. The unresolved D hyperfine structure in the DCCN spectrum probably distorts the line shapes. Essentially there is more HCCN data with resolved hyperfine structure and it is completely resolved.
It is unfortunate that we are unable to determine the difference in 14 N coupling constants between HCCN and DCCN. It is expected that the hyperfine coupling constants will depend strongly upon HCC bond angle because the carbene resonance H-C-C≡N is favoured when the molecule is bent and the allene resonance form H-Ċ = C =Ṅ is favoured when the molecule is linear. These resonance structures should have rather different 14 N hyperfine coupling constants. Table 7 presents a comparison of the linear constants calculated from this work with those obtained by McCarthy et al. [ 14 ] The microwave spectra effectively determines all the zero field parameters except A (or ν 5 ), aa , and the hyperfine coupling constants as can be seen by the good agreement with McCarthy et al's. [14, 28] measurements in Table 4 and constants in Table 7 . ν 5 is more precisely determined than it is by the mid-IR as also shown in Table 7 . The LMR data do determine the magnetic hyperfine coupling constants a F and (aa) I reasonably well, but the uncertainties in 1 2 [(bb) I − (cc) I ] and the nuclear quadrupole coupling constants are larger than the constants, and these constants were fixed at HCCN values in the final fitting. The electron spin g tensor is reasonably well determined by the LMR data but the rotational g tensor is at best poorly determined.
